We utilize molecular dynamics simulations and show opposing roles of surface on dissipation in nanostructures. While the surface defects always aid in the entropy generation process, the scattering of phonons from rough surfaces can suppress Akhiezer damping. For the case of a silicon (2 Â 1) reconstructed surface, the former dominates and Q À1 (Q is the quality factor) is found to increase with the decrease in size. However, different scaling trends are observed in the case of a hydrogen (H) terminated silicon surface with no defects and dimers. Particularly, in the case of a H-terminated silicon, if the resonator is operated with a frequency X such that Xs ph < 1, where s ph is the phonon relaxation time and Q À1 is found to decrease with the decrease in size. The opposite scaling is observed for Xs ph > 1. A simplified model, based on two phonon groups (with positive and negative Gr€ uneisen parameters), is considered to explain the observed trend. We show that the equilibration time between the two mode groups decreases with the decrease in size for the H-terminated structure. We also study the scaling of Q À1 factor with frequency for these cases.
I. INTRODUCTION
Scaling down the size of mechanical resonators to nanometer dimension opens up a wide variety of technological applications 1 like femtogram-level mass sensing, 2,3 chemisorption measurements, 4 detection of biomolecules, 5 and quantum image processing. 6 The ultimate performance of a nanoresonator for these applications is limited by mechanisms that dissipate the mechanical energy and is characterized by the quality factor, Q. Energy dissipation can result from extrinsic and intrinsic factors. Extrinsic losses like airdamping and clamping losses can, often, be suppressed by carefully designing the geometry and the operating environment. Intrinsic damping mechanisms, however, provide a fundamental upper limit to the Q factor of the resonator. Intrinsic loss is a characteristic property of the resonator material. 7 Intrinsic dissipation arises due to the coupling between mechanical deformation and thermal vibrations in a structure. In the absence of any external excitation, the atoms constituting the resonator oscillate about their mean position due to finite temperature. The normal modes of vibration due to thermal oscillation of the atoms, defined as phonon modes, are characterized by their frequency x l . Under the condition of thermodynamic equilibrium, the total vibrational energy is shared equally among all the modes. A mechanical deformation interacts with this ensemble of thermal phonons and disturbs the state of thermal equilibrium. The interaction between the mechanical mode of deformation and the thermal phonons is characterized by the Gr€ uneisen parameter, c l . Gr€ uneisen parameter of a phonon mode, l, is defined as the ratio of fractional change in its frequency to fractional change in volume of the structure due to deformation, i.e., c l ¼ À @x l x l = @V V . The phonons with modulated frequencies are no longer in thermal equilibrium. They take finite time to relax towards equilibrium by different scattering mechanisms. This process is an entropy generating process, which leads to dissipation and is referred to as Akhiezer dissipation. 8 In the realm of Akhiezer mechanism, dissipation is governed by different phonon scattering processes such as the phonon-phonon scattering and phonon-boundary scattering. For a finite-sized nanostructure, boundary or surface scattering plays a major role due to the high surface area to volume ratio (SVR). Although it is apparent that the dissipation rate is a strongly size dependent phenomena, it is not well understood how it scales with size. Numerous studies have been conducted on the size dependence of thermal conductivity. It has been shown that surface reduces the average mean free path (MFP) of thermal phonons and thus the thermal conductivity [9] [10] [11] in silicon nanostructures. However, the role of surface and the finite size effect on dissipation is relatively less explored. Some experimental observations reveal that the Q factor of flexural modes decreases, approximately, linearly with the decrease in resonator size. [12] [13] [14] This has been interpreted as a signature of surface related dissipation mechanism including defects and (2 Â 1) reconstruction. 15 Here, we focus on investigating, in a detailed way, the role of surface on intrinsic dissipation using non-equilibrium molecular dynamics (NEMD) simulations. We note that in silicon nanostructures, with hydrogen termination, two opposite size scaling of dissipation can be observed. This scaling of Q factor with size depends on the operation frequency and is explained using Akhiezer mechanism. Therefore, we assert that, contrary to the conventional idea, surface contributions can both aid and abate dissipation in a hydrogen terminated silicon nanostructure. However, (2 Â 1) reconstruction, dangling bonds, and defects in a bare silicon surface introduce additional dissipation mechanisms. This overshadows the scaling relation expected from the Akhiezer theory. Akhiezer dissipation is a phonon-mediated loss mechanism which takes place as a result of the modulation of thermal phonons with the applied strain field. A time varying strain field results in a temporal change of energy of the phonon modes by modulating their frequencies. The change of energy of each phonon mode, l, can be related to strain by the coupling constant c l . Since c l is different for different phonons, at any instant, there is a spectral energy distribution which tries to relax towards a mean energy. When the time scale of the energy exchange and relaxation becomes comparable to the timescale of deformation, dissipation due to Akhiezer mechanism becomes particularly dominant. 16 If the strain field due to deformation is spatially non-uniform, the spectral energy distribution will be different in different regions across the structure. In that case, in addition to the Akhiezer mechanism, dissipation can also take place by diffusive transfer of thermal energy due to spatial energy gradient, 17 referred to as the thermoelastic damping (TED). In our study, we consider a specimen of length scale of the order $10 nm which is deformed at timescale of order $10 À1 GHz
À1
. At this length and time scale, dissipation is governed by the Akhiezer mechanism due to two reasons. First, the timescale of deformation is close to phonon relaxation times ($10 ps); in this case the strain field interacts with the ensemble of thermal phonons. Second, when the deformation frequency is much less than the fundamental frequency of the resonator, the strain field can be assumed nearly uniform across the structure. In this case, TED can be neglected.
In this letter, we first introduce, based on classical mechanics, a simplistic model to describe Akhiezer dissipation. Two parameters of significance associated with this proposed model are the time-scale of energy exchange between the phonon modes, s ph , and the coupling constants of the modal energies with strain, c l . We outline briefly the underlying physics and the strategies to extract these parameters from the interatomic potential using different quasi-harmonic (QH) techniques. We, then, perform a frequency study of dissipation for bulk silicon under stretching deformation. Stretching mode gives the simplicity of a nearly uniform strain field in a nanometer scale structure at the desired frequencies. 16 Dissipation in bulk structure is governed by the Akhiezer mechanism and is described using the reduced order model. We, next, perform the frequency and size study of dissipation for hydrogen (H) terminated silicon nanostructures. Akhiezer damping is found to be the dominant mechanism. Surface scattering manifests itself in the Akhiezer damping by reducing timescale of energy relaxation of the thermal phonons. Our observation discloses the contrary roles of the surface in assisting dissipation. We also study the scaling of dissipation with size for silicon structure with free surfaces. We try to ascertain the additional dissipation in bare silicon surfaces with (2 Â 1) reconstruction as a strain driven transition between different configurational minima.
II. THEORY
In this section, we first try to write the differential equations governing the change of energy of each phonon mode in the presence of a time varying strain field. Due to the vast number of modes, solving the system of equations is practically intractable. So we try to make an approximation by considering energy exchange between a collection of phonon modes instead of individual phonons. Based on this idea, we develop our simplistic model for Akhiezer dissipation.
Under uniaxial straining of magnitude , the fractional change in frequency of any phonon mode, l, can be written as ðDx=xÞ l ¼ Àc l , where c l is the strain coupling factor (Gr€ uneisen parameter) and x is the frequency of the phonon mode. This modulation of phonon frequencies with strain is a consequence of anharmonicity in the interatomic potential of crystals. For small strains about reference configuration, c l is a constant and independent of strain. Strain field resulting from periodic deformations with frequency X in a structure is likely to change all the phonon frequencies periodically. For simplicity, we can assume a time varying strain field of the form ðtÞ ¼ Im½ 0 e jXt ], where 0 is the complex strain amplitude.
For a vibrating harmonic oscillator, whose frequency is slowly changing with time (X ( x), the ratio E x is a constant, 18 E being the energy of the oscillator. This invariant enables us to relate the fractional change in frequency of any phonon mode to the fractional change in the energy as ð
The mean vibrational energy of any phonon mode in a structure in thermal equilibrium at temperature T is given by k B T, where k B is the Boltzmann constant. This relation can be used to assign a temperature change ðDTÞ l of the phonon mode with strain, given that near equilibrium condition is maintained (by keeping j 0 j ( 1). Depending on the sign of c l , some phonon modes may have DT > 0 (red circles in Fig. 1 ), and others DT < 0 (blue circles in Fig. 1 ).
The time rate of change in energy of the l th mode due to a periodic straining can be expressed as
The frequency modulation due to the strain wave disturbs the equilibrium condition. The phonon modes are no longer in thermal equilibrium but relax towards a mean energy of the system due to anharmonic coupling between the modes. The exchange of energy between the phonon modes can be described as a relaxation process. The energy exchanged by the l th mode due to phonon collision can be mathematically written as
Here, E is the mean energy and s l is the relaxation time for mode l. The differential form of time-dependent modal energies which appropriately describes the coupling of mechanical deformation with thermal vibration is, then, given by
Instead of looking at each phonon mode, we can group them into a set of two phonon bunches. All the phonon modes that undergo positive change in temperature (c l < 0) with tensile strain form a hot phonon bunch (denoted by subscript "h"). And the rest with zero or negative change in temperature (c l > 0) form a cold phonon bunch (denoted by subscript "c"). This approximation simplifies the idea of energy exchange between the two phonon bunches with some relaxation time, s ph (schematically shown in Fig. 1 ). The time rate of change of the energy difference, DE, between the two mode groups is obtained as
Here,
2 . c h=c is the mean c and E h=c is the mean energy of the respective phonon bunch. The time rate of change of mean energy of the system is given as
The net change in mean energy of the system over a period of oscillation will give us the amount of dissipated energy. Taking E to be approximately constant and equal to k BT , the energy dissipated over a period of oscillation is given by
The energy dissipated attains a steady state after few periods of oscillation (nT p ) s ph ), where n is the number of oscillation periods. Using Eq. (2), the analytical solution for E diss at steady state is obtained as
This Akhiezer dissipation model is based on a single timescale of energy relaxation of the phonon groups. If the energy relaxation exhibits multiple timescales, s i ph , the model can be extended as
In our study, we observe two well separated timescales of energy relaxation. We denote the slow timescale as s s ph and the fast timescale as s f ph . We use a double relaxation time (DRT) Akhiezer model to explain the frequency scaling of dissipation. In order to study the size scaling of dissipation, we investigate the variation of size dependent material parameters, Dc and s ph , with thickness.
III. RESULTS AND DISCUSSION
We perform MD simulations using LAMMPS 20 to study damping. Visual molecular dynamics 21 is used for visualization. A block of silicon is generated by arranging atoms in FCC-diamond lattice with a lattice spacing of 5.427 Å (shown in Fig. 2(a) ). The length of the specimen is fixed to 54.27 Å corresponding to 10 unit cells in the longitudinal [100] direction and aligned along the X-axis. The dimensions along the Y-axis and the Z-axis are also 10 unit cells (54.27 Å ). Three-body Tersoff potential 22 is used to model the force field. The structure is fully relaxed and equilibrated at 300 K using Nos e-Hoover thermostat with a time constant of 1 ps. After equilibration of the structure for 2 ns, periodic deformations at different frequencies X are applied along the [100] direction as shown in Fig. 2(c) . While performing the NEMD, the system is evolved as a microcanonical ensemble for a total simulation time of 100 deformation periods. The total energy of the system, averaged over each period, is found to increase linearly with the number of periods. The rate of increase of internal energy of the system per unit period gives the average energy dissipated over one period, E diss . Dissipation is often measured in terms of the dimensionless Q factor, defined as Q ¼ 2p
Here, E sto is the maximum elastic energy stored during a period of deformation. E sto is obtained using separate equilibrium simulations.
FIG. 1. Illustration of intrinsic dissipation mechanisms. Sinusoidal strain field in the structure is coupled with different intrinsic dissipation mechanisms. This leads to irreversible flow of mechanical energy into internal energy of the system. The schematic on the left shows mechanism underlying dissipation due to phonon interactions. The reference configuration of all the phonons of the structure in thermal equilibrium at temperature T in the unstrained condition is shown by a yellow solid line. Upon straining, these phonons absorb different amount of energy and undergo change in temperature accordingly. The mean change in temperature of the "hot" phonon group under strained condition is shown with a red solid line and that of the "cold" phonon group with a blue solid line. The two groups subsequently exchange energy with each other and relax. The schematic on the right shows the two-configurational minima with a separation d, barrier height v, and asymmetry D, which can form due to surface defects. Strain can modulate transition between these two minima with an amplitude D 0 and dissipate energy.
Following the initial equilibration, the structure is deformed and allowed to relax for 1 ns for different values of strain. E sto in the structure varies as the square of strain. Using curve fit, we obtain the constant of proportionality, which is the stiffness of the structure, k. E sto at any stain amplitude, 0 can then be calculated as 1=2 k 2 0 . Periodic boundary conditions are applied in all the three directions for simulating dissipation in bulk silicon material. In Fig. 3 , the red filled circles show the dissipation for the bulk structure obtained using NEMD simulation at different frequencies. The dissipation response has a well defined peak at a particular frequency and it sharply decays on either side of it. This Lorentzian nature of dissipation follows directly from its functional form of the Akhiezer model (in Eq. (4)). For any functional dependence of the kind Xs This bulk dissipation response was found to be independent of the system size over a critical dimension of 4 lattice units.
We can use equilibrium molecular dynamics (EMD) trajectories and finite temperature quasi-continuum method to extract s ph and c for the DRT Akhiezer model. The phonon mode shapes U l for the bulk structure, the corresponding frequencies x l , and the Gr€ uneisen constants c l are obtained using the K-space QH method. 23, 24 Once calculated, we can identify the cold phonons (l c ʯ l : c l > 0) and hot phonons (l h ʯ l : c l < 0) and group them. 2 ns long equilibrium MD trajectories are projected onto the phonon mode shapes to get the time history of their modal displacements, A l ðtÞ, and modal velocities, v l ðtÞ. 25 The total vibrational energy, E l ðtÞ, of each phonon mode is then obtained as summation of the modal kinetic energy, 26 where dE i ðtÞ ¼ E i ðtÞ À hE i ðtÞi and the angle brackets refer to the ensemble average. From  Fig. 4 , R i ðtÞ is seen to exhibit two separate timescales of decay. The faster timescale is of the order $1 ps and the slower timescale is of the order $10 ps. R i ðtÞ can be fit to a biexponential decay 27 of the form Ce Àt=s 1 þ ð1 À CÞe Àt=s 2 , where s 1 , s 2 , and C are the fitting constants. Performing the curve fit in the case of bulk silicon, s 1 and s 2 are estimated to be 13.45 ps and 1.725 ps. These timescales are in very good agreement with s s ph and s f ph obtained using the DRT Akhiezer model. Therefore, the distinct timescales of energy relaxation in a system can be inferred from the nature of decay of the energy autocorrelation of the phonon bunch. In bulk silicon, the intermixing of modal energies is solely governed by anharmonic coupling of three (or more) phonon modes. This corresponds to the three-phonon scattering mechanism due to Normal and Umklapp processes. Due to periodicity in all the three directions, no boundary scattering is involved.
Studies on bulk silicon elucidate the underlying mechanism and provide us with a model to quantify dissipation. We will now investigate the role of surface on intrinsic dissipation. Free surface of silicon has dangling bonds and undergoes (2 Â 1) reconstruction (as shown in Fig. 2(e) ) at room temperature. 28, 29 Often, these dangling bonds are terminated with hydrogen atoms to avoid surface reconstruction and other forms of surface defects. We first look into the case of hydrogen (H) terminated silicon surface. The simulation setup is displayed in Fig. 2(b) . We considered H-terminated silicon nanostructures with thicknesses varying from 25.6 Å to 86.5 Å along the Z-axis. Free surface boundary condition is applied in the Z direction. The other dimensions along the X-axis and the Y-axis are kept the same as the bulk case. The two dangling bonds 30 corresponding to each silicon atom on the surface were terminated by two H atoms. Hybrid Tersoff potential 31 is used to model the interaction between silicon and hydrogen atom. A very small time step of 0.1 fs is used to preserve the Si-H bond during simulations. Principal components of displacement of the surface Si atoms in the H-terminated silicon show a Gaussian distribution as shown in Fig. 5(c) . This confirms the absence of any surface defects or dimer formation in the H-terminated case. Fig. 3 shows dissipation as a function of frequency for H-terminated silicon nanostructures of different thicknesses. The nature of the dissipation response closely resembles the bulk silicon case. With the decrease in thickness, there is a shift in the dissipation peak towards higher frequencies. Also, the magnitude of maximum dissipation decreases slightly with the decrease in thickness. It is clear from the trend in Fig. 3 that on increasing the thickness of H-terminated silicon nanostructure, its dissipation response will gradually merge with that of the bulk silicon. For a particular thickness, fitting the dissipation vs frequency data with a DRT Akhiezer model yields corresponding s i ph and Dc i . Fig. 5(a) shows that as we decreases the thickness, s s ph decreases significantly. Compared to s s ph , change in s f ph is minimal. We have also seen that the frequency corresponding to the maximum dissipation is inversely proportional to s s ph . Because of this, for a lower thickness value, maximum dissipation takes place at a higher frequency. Again, the decrease in the peak value of dissipation is captured by the reduction in Dc 2 s with thickness as shown in Fig. 5(b) . We, also, computed s i ph for different thicknesses of H-terminated silicon nanostructures using EMD simulations. For the finite-sized nanostructures, the real-space quasiharmonic method 23, 24 (QHMR) is employed for the modal analysis. QHMR captures the influence of surface effects on the normal modes and frequencies. R(t) for different thicknesses is shown in Fig. 4 . With the decrease in thickness, the It is well known that surface acts as an additional means of phonon scattering. 32, 33 Surface of a finite-sized nanostructure causes boundary reflection of the phonon modes. 34 The nature of the reflected wave depends on the extent of surface roughness (schematically shown in Fig. 2(d) ). Because of the amorphous nature of the H-terminated surface at 300 K, densely populated by highfrequency light-weight hydrogen atoms, diffused reflection takes place. The timescale of energy relaxation of the phonon group is, therefore, reduced drastically. This is also evident from the noticeable shift in the dissipation peak towards the high frequency end.
For a H-terminated silicon nanostructure of given thickness, the phonon group is comprised of bulk "like" modes and surface modes. 16 The ratio of surface to bulk modes, g, is inversely proportional to thickness, t, i.e., g / 1=t. The energy relaxation of the surface modes is a combined effect of phonon-phonon scattering and phonon-boundary scattering because of which the surface modes relax faster. This is manifested in the decay of energy autocorrelation of the phonon group. As we decrease t, g increases which implies that the contribution of surface modes compared to bulk "like" modes in the phonon group increases. This leads to a reduction of s ph with the decrease in thickness. 9 To this end, it is quite intriguing to pose the question of whether a smaller size enhances or inhibits dissipation. We studied dissipation as a function of size for the hydrogen terminated silicon structure. A range of frequency values between 5 GHz and 170 GHz were considered. Fig. 6(a) shows the scaling of dissipation and Q À1 with size in two separate plots for the range of deformation frequencies. We observe opposite scaling of dissipation with size on the different sides of 20 GHz frequency. This observed behavior can be understood using the Akhiezer theory. In our DRT Akhiezer model, the parameter s s ph is seen to be a strongly varying function of thickness. Therefore, operating the nanostructure at a particular frequency, the scaling of energy dissipated with size is a manifestation of change in the phonon relaxation time. The scaling trend of dissipation is elucidated by the functional dependence of dissipation:
On the left side of the Debye peak (Xs s ph < 1) the Akhiezer expression predicts an increase in Q À1 with the increase in s s ph . So, operating in this range with constant frequency (X), dissipation will increase with the increase in thickness (s ph / t). This indeed is observed and is shown in Fig. 6(a) . Similarly, we can explain the opposite trend, i.e., the decrease in dissipation with the increase in size on the other side of the Debye peak (Xs s ph > 1). Thus, depending on the frequency of operation, surfaces can either be a bane or boon for the Q À1 factor in the case of Akhiezer dominated dissipation.
We now look into the scaling of dissipation with size for a silicon structure with free surface. We considered the same dimensions and the range of frequencies as in the case of H-terminated silicon. Fig. 6(b) shows dissipation and Q À1 as a function of size in two separate plots for the case of free surface. For all the deformation frequencies, dissipation decreases with the increase in size. The results indicate the presence of a surface damping mechanism. 35 The ideal Si (100) surface is not stable when the temperature is higher than 200 K and the symmetric (2 Â 1) reconstructed structure is automatically formed. 28, 29 This phenomenon is captured by the Tersoff interatomic potential. The silicon dimer atoms on the surface {100} align themselves in the diagonal direction as shown in Fig. 2(e) and break the symmetry of the bulk. Thus, atoms cluster into different potential energy "bands" 15 and an irreversible energy flow is associated with coordinated hopping motion of the atoms between these energy bands. Experimental observations also indicate the presence of several defects, dangling or broken bonds on the surface due to the obvious termination of the crystal structure on the surface. The degrees of freedom corresponding to these intrinsic defects or clusters of atoms, exhibiting two energy minima separated by an energy barrier in their configurational space, can couple with external strain field and exchange energy. 12, 36, 37 The jumping between potential wells is evident from non-Gaussian probability distribution function of the principal components of displacement of the surface atoms as shown in Fig. 5(c) . The various dissipation processes add incoherently and take over Akhiezer component, altering the scaling behavior.
IV. CONCLUSION
In summary, we use a theoretical model and MD simulations to investigate the role of surface on intrinsic losses. MD simulations demonstrate an opposite scaling of dissipation with size for two different deformation frequencies in the case of a silicon nanostructure with a perfect surface. This is found to be consistent with our dissipation model based on the Akhiezer theory. Additional dissipation mechanisms play a significant role in free silicon surface with (2 Â 1) dimers and defects. As surface to volume ratio increases, these become dominant. We, therefore, observe dissipation to increase with the decrease in size independent of the operation frequency.
